The effects of the lysosomotropic weak bases chloroquine, ammonium chloride, and amantadine as well as dansylcadaverine (an inhibitor of receptor mediated endocytosis) on the replication of Sindbis virus in tissuecultured cells was examined. Chloroquine had no effect on the expression of virus-induced homologous interference. None of these drugs significantly affected the ability of a complex of a cell and single virion to form an infectious center. Chloroquine and ammonium chloride were found to inhibit the synthesis of virus RNA in established infections when added early in infection. These drugs also inhibited the production of progeny virions when added any time after infection. These results suggest that the antiviral activity of these agents may not be due to an ability to prevent transport of the virus genome into the cell cytoplasm.
Experimental investigations of the events leading to the establishment of virus infections (i.e., attachment and penetration) have proven to be among the more difficult and controversial aspects of contemporary virology (6) . Investi- gations of this important aspect of the virus life cycle have been extremely difficult to interpret because of two major technical difficulties in experimental design. (i) For a given population of animal viruses, it is not possible to experimentally demonstrate a one-to-one correspondence between the number of physical particles and the number of PFU. In the best of circumstances, less than 20% of a preparation of virions can be demonstrated to be infectious; in most circumstances, the percentage is much lower. (ii) It is unclear whether a potential host cell is capable of dealing with unlimited amounts of virus particles in an identical fashion (that is, a pathway leading to productive infection) (25) . Limitations in the sensitivity of biochemical or morphological (electron microscopic) assays of events related to attachment and penetration of cells by viruses have forced investigators to employ large quantities of virus per cell to produce samples yielding quantities adequate for analysis by the techniques employed. These conditions are certainly to be considered artificial when compared with the situation that probably occurs in nature, that is, the interaction of a cell with a single infectious unit of virus. The consequences of laboratory studies employing large quantities of virus are that, in any morphological or biochemical assay of virus penetration, the majority of data are derived from virions that may not be capable of successfully infecting cells (problem number i, above). It is also not known whether cells discriminate between infectious and noninfectious particles at the point of uncoating, with infectious virus following one pathway and noninfectious virus following another (problem number ii, above). Therefore, it is possible, because of this latter limitation, that large numbers of infectious virions may engage in cell interactions that do not lead to the infection of the cell.
Two pathways for virus invasion of tissue-cultured cells have been proposed. One model suggests that viruses enter cells by a process morphologically similar to endocytosis (11, (17) (18) (19) (20) . After attachment to the cell surface, virions are * Corresponding author. incorporated into developing endocytotic vesicles and are internalized in these membrane-limited structures. Either virions may escape from the vesicles early after their formation, or the virus-containing endosome may fuse with lysosomal membranes. A second model suggests that viruses may enter cells by direct penetration of the plasma membrane. This hypothesis holds that membrane-containing viruses fuse with cell surface through the interaction of the virus envelope and the cell plasma membrane (5, 10, 14, 23) .
Recent studies have focused again on the role that the cellular process of endocytosis may play in the invasion of tissue-cultured cells by animal viruses. This renewed interest has derived from two primary observations. First, it has been demonstrated that certain complex and simple weak basic compounds can accumulate in acidic compartments of cells and alter the pH of those compartments (21) . This has led to a study of the effects that such weak basic compounds could have on the process of infection (12) . These studies have led to the conclusion that an increase in the pH of intracellular compartments prevents cell penetration by a variety of enveloped viruses. Second, it has been discovered that a large number of enveloped virions can induce cell fusion if exposed to an acidic environment after attachment to the cell surface (9, (33) (34) (35) . These two observations have formed the basis for a model that suggests that the route of virus entry is by endocytosis. According to this model, attached virions are incorporated into endocytotic vesicles; shortly after the separation of the endocytotic vesicle from the cell surface, a reduction in the pH of the vesicle (32) induces the fusion of the virus membrane with the membrane of the vesicle itself. This fusion event releases the virus genome into the cell cytoplasm, initiating the process of infection. Because of wide acceptance of this model, a large number of basic compounds (referred to as lysosomotropic weak bases) have been employed in studies examining the effects of these agents on the early events in virus infection. Compounds such as chloroquine, amantadine, ammonium chloride, and methylamine are now widely used to determine whether the acidic compartment is involved in the infection of a cell by a given virus (15, 20, 28, 31 MATERIALS AND METHODS Cells and virus. Baby hamster kidney (BHK-21) cells were grown as described previously (22) in Eagle minimal essential medium (8) . The heat-resistant strain of Sindbis virus (SVHR) and mutant ts-23 were propagated in BHK-21 cells as described previously (22) . Virus titers were determined by plaque assay on BHK-21 cell monolayers (22) .
Infectious center assay. The assay of the number of infected cells in a monolayer was determined essentially as described by Riedel and Brown (24) . Monolayers of BHK-21 cells were infected with virus at a given multiplicity for a period of time at room temperature (25°C). Infection was stopped by washing the monolayers with a 1:100 dilution of anti-Sindbis virus serum (described below). The cells were then washed three times with minimal essential medium and lifted from the plastic substrate with a solution of 0.05% trypsin (GIBCO Laboratories; 1:250) and 0.02% EDTA in phosphate-buffered saline that was deficient in calcium and magnesium. The cells were gently pelleted and resuspended in cold complete medium with 1% fetal calf serum. The cell suspension was serially diluted in cold complete medium. A 1.0-ml sample of each dilution was mixed with 1. Table 2 ). Chemicals. Amantadine (Sigma Chemical Co.) was dissolved in 140 mM NaCl-0.5 mM MgCl2 buffered with 10 mM morpholine ethanesulfonic acid and was stored as a 0.5 M stock solution at 4°C. Ammonium chloride (1 M; J. T. Baker Chemical Co.) was dissolved in distilled water. Chloroquine (10 mM) was dissolved in phosphate-buffered saline that was deficient in calcium and magnesium, and both stocks were stored at 4°C. Dansylcadaverine (Sigma) was prepared fresh before each experiment as a 5 mM stock solution in phosphate-buffered saline acidified with 2 N HCl (28) .
RESULTS
Lysosomotropic weak bases fail to inhibit the establishment of homologous interference and the formation of Sindbis virusinfected cell complexes. Studies designed to define the mechanism by which enveloped viruses enter cells have frequently employed agents capable of altering the pH of intracellular compartments (12) . The presence of these compounds during infection prevented subsequent virus RNA synthesis and led to the conclusion that enveloped viruses enter cells via acidic compartments. The effects of these agents on late virus functions have not, however, been clearly defined. Therefore, we monitored the steps during Sindbis virus replication at which these agents exert their effect.
To define the effects of inhibitors on various stages in the replication of Sindbis virus it was necessary to determine the rate at which Sindbis virus penetrates cells and initiates gene expression. The rate at which Sindbis virus penetrates cells was defined as the rate at which virus-cell complexes become resistant to antiviral antiserum after virus adsorption. High multiplicities of infection (200 PFU/cell) were chosen for some of the studies presented below. This multiplicity was chosen to achieve a rapid and nearly synchronous infection of a cell monolayer to allow us to relate observations on rates of RNA and progeny virus synthesis to time of infection. In an infectious center assay, performed as described above we found that at this multiplicity of infection all cells were infected in 12 min (data not shown).
A homologous interference assay was employed to determine the onset of gene expression. It has been demonstrated that homologous interference can occur within 15 min after the addition of virus to cells and requires virus gene expression. It does not require RNA transcription or replication. The induction of homologous interference is one-fifth as Chloroquine was added at the indicated concentrations at 90 min after the addition of virus. Monolayers were incubated at 37°C overnight. The amount of virus produced was determined by plaque assay as described in the text.
sensitive to UV inactivation as infectivity (13) . We have recently found that the induction of homologous interference prevents the expression of the superinfecting virus after the genome enters the cell cytoplasm (Adams and Brown, unpublished data). BHK-21 cells were infected with ts-23 (100 PFU/ cell), an RNA-positive Sindbis virus mutant that produces no mature virus at nonpermissive temperature (2, 30) and subsequently superinfected with wild-type Sindbis virus (SVHR). The virus produced was assayed for temperature sensitivity by a plaque assay at 28 and 37°C. More than 99% of the virus produced was temperature sensitive (Table  1) . These results indicate that within 30 min after virus addition, the infecting virus has programmed the production of the viral function responsible for homologous interference.
We found that the inhibitory effects of chloroquine on both virus RNA synthesis and progeny virus production were reversible when the drugs were removed from the cultures within 60 min after the addition of virus (data not shown). The reversibility of the effects of chloroquine permitted us to assay for the expression of virus-induced homologous interference in the presence of chloroquine. BHK-21 cell cultures were treated with chloroquine for 30 min and infected with Sindbis virus ts-23 (100 PFU/cell) in the presence of chloroquine for 30 min. The cells were washed to remove the chloroquine and challenged with wild-type Sindbis virus (100 PFU/cell) for 30 min. The monolayers were then washed, treated with anti-Sindbis virus serum, and incubated overnight at 28°C. The virus produced was assayed at permissive and nonpermissive temperatures to determine the phenotype of the progeny virus. A similar experiment was conducted without drug treatment, and SVHR and ts-23 growth was assayed independently (nonmixed) ( Homologous interference has been demonstrated to be a virus-coded function (13) . These data suggest that the expression of this function through translation of the infecting genome takes place in the presence of chloroquine.
To further define the effect of lysosomotropic weak bases on Sindbis virus penetration, we examined the formation of virus-infected cell complexes in the presence of these drugs. Four drugs were chosen for these experiments. Chloroquine and NH4Cl were used at concentrations that have no effect on virus production (10) (this study; see below) or RNA synthesis and at concentrations utilized by others to raise the pH of intracellular compartments (21) and to demonstrate inhibitory effects on virus infection (12) . Amantadine (a lysosomotropic weak base) and dansylcadaverine (an inhibitor of receptor-mediated endocytosis [4] ) were used in concentrations previously employed to block virus infection (12, 18) . The concentrations of these drugs (higher concentration in the case of NH4Cl and chloroquine) are those commonly used to raise the pH of intracellular compartments (21) . Experiments were carried out with dilutions of virus sufficient to ensure that no BHK-21 cell came in contact with more than a single virion (multiplicities of less than 1 virion per cell). Cell monolayers were exposed to J. VIROL. dilutions of virus in the presence or absence of the drugs for 1 h at room temperature. The monolayers were then washed in the presence of drug and treated with anti-Sindbis virus serum in the presence of drug. The cells were then removed from the monolayer, diluted, and mixed with uninfected, nontreated BHK-21 cells and plated in soft agar in the absence of drug. To ensure that further infection of the cells did not occur after the treatment with antiserum, an identically infected, nontreated culture was maintained throughout infection at 4°C and treated with antiserum (Table 2) . This culture yielded only 2% of the number of infectious centers produced by cultures maintained at room temperature.
It this experiment, the virus-cell complexes were maintained in 0.1 mM chloroquin for a total of 80 min. Longer incubation times were not possible because of the nonreversible inhibitory effects of the drug on progeny virus production when present at times greater than 90 min postinfection. We have also found that uninfected cells exposed to 0.1 mM chloroquine for a period in excess of 90 min lost their ability to concentrate neutral red.
The results of these experiments are shown in Table 2 . Chloroquine, ammonium chloride, and dansylcadaverine did not significantly interfere with the penetration of Sindbis virus into BHK-21 cells. Only amantadine significantly depressed the formation of infectious centers. This reduction may be the result of toxic effects of the drug (7), since we found that this concentration of drug reduced host cell RNA synthesis to 19% of control levels (data not shown). Chloroquine (0.1 mM), NH4Cl (20.0 mM), and dansylcadaverine (5 mM) depressed the formation of infectious centers a maximum of 30%. This value was only achieved with 0.1 mM chloroquine. Chloroquine, at a concentration of 0.005 mM, is shown below to have no demonstrable inhibitory effects on either viral RNA synthesis (see Fig. 4) (12) or the production of progeny virions (Fig. 1 ), yet this concentration reduced the number of infectious centers formed nearly as much as did the higher concentration. This result suggests that most of the depression seen with 0.1 mM drug may result from an effect of the agent on the infected cell itself, increasing the fragility of the infected cell and reducing the number of infected cells that survive processing for the infectious center assay.
It can be argued that, in the presence of chloroquine, invading virus is retained in the prelysosomal compartmnent until the drug is removed, pH is restored to acid conditions, and then finally infection is established. It is important to point out, however, that although the pH of intracellular compartments is raised by these weak bases, the fusion of the endosome with the lysosome is not inhibited (11) . Current research suggests that this fusion event occurs between 20 and 60 min after formation of the endosome (1, 3, 27) . It seems unlikely that a single virion in an endosome of a single cell (a situation which would exist in the infectious center assay) could escape lysosomal contact for a period of 80 min. Such contact should have manifested itself as the loss of an infectious center, significantly reducing the number of cells registering as virus positive.
These experiments suggest that a single virion contacting a single cell can efficiently establish a productive infection in the presence of these drugs. The inability of danyslcadaverine to prevent the formation of infectious centers suggests that receptor-mediated endocytosis may not be essential for Sindbis virus infection of BHK cells.
Effect of chloroquine on the production of progeny virus. To determine what effect, if any, lysosomotropic agents could have on the outcome of virus infection, the effects of various concentrations of chloroquine on the production of infectious virus were determined (Fig. 1) . Chloroquine was added to the cultures 30 min after a 1-h adsorption period (multiplicity of infections, 200). At low concentrations of chloroquine (5 x 10-3 and 1 x 10-2 mM), the amount of progeny virus produced was equivalent to control levels, whereas at higher concentrations (5 x 10-2 and 0.1 mM) virus was not produced. We also found that chloroquine-treated (5 x 10-2 and 0.1 mM), virus-infected cells did not release detectable levels of noninfectious virus particles (data not shown).
The effect of chloroquine (0.1 mM), added at various times postinfection, on the production of progeny virions is shown in Fig. 2 . The inhibitory effects of chloroquine on virus production were dependent upon the time of addition. When added up to 3 h after the adsorption period, no progeny virus was produced in a 24-h period. When the drug was added at 4 or 5 h postinfection, virus titers increased slightly, and then virus production ceased. The increase in progeny virus produced after drug addition at later times (e.g., 5 h) suggests that the cells can produce virus from accumulated precursor components for up to 1 h after drug addition. Collectively, these results indicated that chloroquine can arrest the production of progeny virus even when added at times very late in infection.
The effects of chloroquine on the production of progeny viruses were found to be reversible only when the drug was removed before 90 min after the addition of virus. Infected cells exposed to 0.1 mM chloroquine for 30 min at 90 min postinfection produced only 4% the virus yield of nontreated cells in 18 h (data not shown).
Effects of lysosomotropic weak bases on the incorporation of [3HJluidine into Sindbis virus RNA. Since lysosomotropic weak bases did not dramatically affect the rate of which Sindbis virus penetrated cells or established homologous interference, but did interfere with progeny virus production, we examined the effect of these drugs on the rate of incorporation of uridine into virus RNA in an attempt to elucidate the step in virus replication blocked by these compounds. Actinomycin D-treated, virus-infected cells 180 . were treated with chloroquine (0.1 mM) at 90 min after the addition of virus.
[3H]uridine was added 30 min later, and the total incorporation of label was determined by TCA precipitation at various time intervals. Figure 3 shows that, initially, incorporation of label into RNA was higher in drug-treated cells than in nontreated control cells. With time, control cells continued to incorporate label into viral RNA, whereas no significant increase in the amounts of label in drug-treated cells was found during the time frame of this experiment. The inhibitory effects of chloroquine on virus RNA synthesis were found to be reversible. Infected cells removed from drug began synthesizing RNA at typical kinetic rates within 1 h after removal of the drug (data not shown).
Dose-dependent chloroquine inhibition of Sindbis virus RNA synthesis. Helenius and co-workers (12) have investigated the dose response of viral RNA synthesis to lysosomotropic agents when the drugs were added to the cells during the period of infection. These investigators found a maximum inhibitory effect of chloroquine on incorporation of uridine into RNA when chloroquine was added at a concentration of 0.1 mM. Because our data (presented above) suggested an effect of these weak bases on RNA synthesis, we have performed a dose-response study of the effect of chloroquine on incorporation of uridine into TCA-insoluble material when the drug was added at 30 min after the 60-min infection period (the time at which levels of RNA synthesis in drug-treated cells were similar to those in controls [ Fig.  3] ). Chloroquine concentrations between 10-4 and 0.1 mM were investigated (Fig. 4) . The results of this experiment were very surprising. At low drug concentrations, the amount of uridine incorporated into TCA-insoluble material was higher than control levels. At 10-4 mM, incorporation into drug-treated cells was 163% of control and increased with increasing chloroquine concentrations to 215% of control at 10-3 mM. At this point, the amount of label incorporated was reduced with increasing drug concentration and was suppressed to slightly below control levels at a concentration of 0.1 mM chloroquine. Similarly, we found that when cells were treated with dilutions of ammonium chloride at the same time after infection an enhanced incorporation of tritiated uridine into TCA-insoluble material was seen at low concentrations (162% of control at 0.2 mM), and levels roughly equivalent to control levels were seen at higher concentrations (110% of control at 20 mM).
The data presented in Table 3 and Figures 3 and 4 show that when chloroquine was added to infected cells an immediate increase of label into viral RNA in drug-treated cells relative to control cells was seen. Drug-treated cells ceased to synthesize RNA, whereas control cells surpassed drugtreated cells in incorporation of label. Chloroquine is therefore capable of (i) suppressing viral RNA synthesis with increasing concentration while (ii) actually increasing the relative amount of label incorporated into whatever amount of RNA is synthesized.
The effects of chloroquine on the incorporation of uridine into RNA when the drug was added at various times postinfection were also investigated ( 15, 30, 60, 120, 180 , and 240 min after uridine addition. Total counts per minute incorporated into virus RNA were determined by TCA precipitation at 6 h after uridine addition. The effect of drug on incorporation of label into virus RNA (during the period from 90 min to 7.5 h after the addition of virus) was again dependent upon time of addition. When added early (15 to 30 min) the amount of label incorporated into RNA at the end of the 6-h incubation period was less than control levels. However, at later times the amount of label incorporated into RNA was equivalent to control (60 min) to much higher than control levels when added at 240 min. These data suggest that chloroquine can block incorporation of label into virus RNA when added early, whereas it can enhance incorporation when added late.
Effect of chloroquine on incorporation of tritiated uridine into Sindbis virus-infected BHK-21 cells. The enhanced incorporation of uridine into viral RNA when chloroquine was added at later times in infection suggested that chloroquine had some effect on the incorporation of uridine into RNA which was independent of its effect on the process of RNA synthesis itself. To explore the possibility that this effect might be on the transport of uridine into the cytoplasm of the infected cell, we examined the amount of cell-associated tritiated uridine in cells treated with chloroquine (0.1 mM) at either 30 min or at 3 h after the initial 60-min infection period (Table 3) . Monolayers of cells that had been treated with chloroquine were found to have higher amounts of cellassociated label relative to untreated control monolayers. Similarly, the drug-treated monolayers incorporated more label into TCA-insoluble material (viral RNA) relative to nontreated controls. Thus, it seems that the enhanced incorporation of tritiated uridine into viral RNA is, in part, the result of an enhanced uptake of the label by the infected drug-treated monolayers.
The effects of chloroquine on virus RNA synthesis may be explained by proposing that the drug acts to prevent the formation of RNA replicating complexes. Such an inhibition would restrict the cell's RNA-synthesizing capacity to that existing at the time of drug addition. When drug is added late in infection, the formation of replicating complexes is complete (26) , and RNA synthesis proceeds at a maximum rate. Incorporation of labeled uridine into RNA exceeds control levels because of the increased intracellular amounts of label and because progeny RNA is not matured into virions.
DISCUSSION
The experiments described in this report illustrate the difficulties inherent in experimentally elucidating the mechanism by which virus genomes pass from the cell exterior to the cytoplasm. The objective of our study was to determine the point at which lysosomotropic agents interrupted the Sindbis virus replicative cycle. In an effort to avoid the ambiguities associated with the use of high multiplicities of infection and the tracking of physical virus particles by morphological or biochemical means, we have followed the process of infection by measuring Sindbis virus gene expression. Four virus-specified activities were examined: homologous interference, infectious center formation, progeny virus production, and virus RNA synthesis.
The results presented above demonstrate that, whereas the earliest assayable events in the infection of cells by Sindbis virus, infectious center formation and homologous interference, are not significantly affected by any of the drugs tested in this study, virus RNA synthesis and the production of progeny virions are affected at any time drugs are added to the infected cells.
The conclusions generated by this study differ from those published elsewhere, primarily because of the differences in experimental design. We have utilized an infectious center assay to determine the effects of drugs on the ability of a single virion to infect a cell (Table 2 ). This assay shows that in the presence of drug for 1 h and 20 min, virions infect cells with an efficiency 80 to 90% of that of controls. We have utilized homologous interference as an assay for the translation of virus positive-strand RNA entering the cell cytoplasm. This event is not dependent upon replication or transcription of RNA (13) and is not inhibited by the presence of chloroquine (Table 1) . We have utilized kinetic studies to determine the incorporation of uridine into virus RNA in the presence and absence of drug, and we have investigated the effects of varied drug concentration on incorporation. We found that chloroquine enhanced incorporation of label into RNA by increasing the amounts of intracellular label (Table 3) and that, when added early, the drug depressed virus RNA synthesis ( Fig. 3 and 5 ). We have also found an inhibitory effect of chloroquine on virus maturation in cells that are still synthesizing RNA ( Fig. 1 and  2) .
In other experiments conducted as a part of the study presented herein, we found no significant effect of chloroquine or NH4C1 on host cell RNA synthesis or on host or virus protein synthesis (data not shown). These observations are in agreement with results published previously (12) and suggest that these drugs may have some specific effects on cytoplasmic RNA synthesis.
The observations that chloroquine can inhibit virus specific RNA synthesis, increase intracellular levels of labeled uridine, and block virus maturation underscore the multiple effects that these drugs may have on biological processes not related to lysosomotropic characteristics. It has been previously demonstrated that, in addition to raising the pH of intracellular compartments, chloroquine inhibits protease and phospholipase activity and steroid and DNA synthesis. Chloroquine binds to cell surfaces and to membrane phospholipids and alters the fluidity of membranes (see reference 29 for review). During the course of these studies, we found that BHK cells exposed to 0.1 mM chloroquin for periods greater than 1 h lose their ability to concentrate neutral red (data not shown). The inhibitory effect of this drug on virus replication could be a direct or indirect result of any one of these effects or of effects currently unknown.
Implication of these experiments for understanding the route of virus entry into cells. Recently, wide support has developed for a model suggesting that the entry of enveloped viruses into cells is by endocytosis of adsorbed virus into vesicles that become acidic intracellular compartments. The acidic environment induces fusion of the virus membrane with the vesicle membrane to release the viral genome into the cell cytoplasm and initiate infection. This model has been derived primarily from two experimental observations. (i) Viruses such as Semliki Forest virus and Sindbis virus induce fusion from without when monolayers with large numbers of surface-associated virions are exposed to low pH (9, 33, 34) . (ii) Lysosomotropic weak bases raise the pH of intracellular compartments (21) and, when present during infection, reduce incorporation of label into virus RNA (12) . It was concluded that they do so by preventing the fusion of virions with vesicular membranes to release the viral RNA into the cell cytoplasm (17) .
We believe that these observations do not support such a (9, 16) and the protocols of others indicate (33, 34) that the fusionfrom-without phenomenon does not occur when alphavirus cell complexes are exposed to acidic pH; rather, fusion occurs only when such monolayers are exposed to low pH for brief periods of time and then are subsequently returned to neutral pH. Monolayers may be maintained in low pH environments for hours without fusion occurring (16) . Fusion occurs rapidly when monolayers are exposed to low pH for brief periods of time and then returned to neutrality; thus, the return to neutral pH seems to be essential for the acid-induced fusion event to occur (9, 16) . There is no evidence suggesting that the pH of endocytotic-prelysosomal vesicles fluctuates from acid to neutral.
(ii) The data presented above show that lysosomotropic weak bases have multiple effects on virus-infected cell monolayers when applied at concentrations reported to raise the pH of intracellular compartment (21) . Many of these effects may be completely unrelated to their ability to alter the pH of intracellular vesicles.
The data presented in this paper do not support a model for infection of cells by enveloped viruses whereby viruses fuse directly with the cell plasma membrane. Furthermore, the data presented above do not argue against endocytosis as a route of virus infection. This data, and data we have published previously on the fusion of cell monolayers by Sindbis virus (9, 16) , suggest that arguments currently employed to support acidic cell compartments as essential participants in alphavirus infection may not be valid.
